The biological treatment of wastewater could yield high energy fuels such as methane and alcohols, however most conventional treatment systems do not recover this energy potential.
INTRODUCTION
The energy consumption of wastewater treatment processes has become an important planning parameter for designers and engineers in the wastewater industry, and many efforts to improve the energy efficiency of existing installations have been undertaken over the last decades (Metcalf & Eddy 1991) . What is not generally recognised is the potential for wastewater to be an energy resource. In order to raise the awareness of this opportunity it is necessary to quantify the potential energy yield that can be obtained by switching wastewater treatment technologies. In this paper, we apply a simple model of energy yields to various wastewater treatment technologies and the current wastewater load, to evaluate the technically feasible energy resource potential of wastewaters. The focus of the model is to provide an indication of net energy production after subtracting parasitic consumption (e.g. sludge digester heating, biogas compression). The model is demonstrated though the consideration of current and potential energy derived from New Zealand's wastewater sector.
CURRENT WASTEWATER LOAD
Quantifying the magnitude of a regions wastewater load is a relatively simple exercise -the load (tonne VS/y) for each wastewater resource typically being a simple function of human or animal population, capture fraction, and per capita wastewater load (tonne VS/capita/y). Population statistics are available from census information, whilst effluent rates can be estimated based on literature data and / or animal feed and growth rate information. The capture fraction must be determined based on sector experience and information from surveys. For each wastewater sector this results in aggregated data of volatile solids (VS) or equivalent biological oxygen demand (BOD 5 ) which corresponds to the relevant associated theoretical primary energy yield.
The current wastewater flows and loads for New Zealand were recently quantified using the above methodology (Scion 2008) . The load data for different wastewaters can be standardised into a primary bio-energy yield potential (see Figure 1) by applying a general energy conversion factor of 19 Â 10 À6 PJ/tonne VS (Metcalf & Eddy 1991; Thiele & Clarke 2007) , although this factor will vary depending on the composition (particularly of fat) of the wastewater.
CURRENT ENERGY CONTRIBUTIONS FROM WASTEWATER
The current energy contributions from wastewater can be estimated by applying the energy conversion factors associated with current technologies to the respective wastewater loads. The current wastewater treatment pathways that yield energy are: anaerobic digestion to biogas and fermentation to alcohols.
Anaerobic digestion to biogas
Anaerobic digestion of wastewater solids to biogas is the oldest and most applied technology for recovering energy from wastewater. Anaerobic digestion can be applied to almost all wastewaters, and is an integral part of most wastewater treatment plants serving larger cities. Anaerobic digestion reduces volatile solids (VS) and biochemical oxygen demand (BOD 5 ) of wastewaters and converts nutrients into forms suitable for tertiary treatment and/or nutrient recovery (Metcalf & Eddy 1991; Henze 1995) . Primary and secondary sludge is often digested in mesophilic or thermophilic heated mixed digesters, and the biogas collected and used on site. Anaerobic digestion is also an integral process within wastewater stabilisation pond (WSP) systems. Currently, much of the biogas produced by pond systems in New Zealand is released to the atmosphere, thereby wasting a potential energy source and contributing to odour and GHG emissions. In contrast, agricultural industries in Europe and America have been capturing this resource with covered ponds for several decades. Since mature technologies (e.g. Covered Anaerobic Ponds) are readily available (Heubeck & Craggs 2010) there is potential to recover more biogas from dairy farm and piggery effluent as well as smaller scale municipal wastewater treatment plants in New Zealand.
Captured raw biogas generally consists of 55% to 68% methane (CH 4 ), 32% to 45% carbon dioxide (CO 2 ), as well as trace amounts of hydrogen sulphide (H 2 S), ammonia (NH 3 ) and siloxanes (R 2 SiO). Biogas typically has an energy content between 18 and 23 MJ/m (NCV) and can be used directly for low-tech applications such as boiler fuel. Purification is generally required to remove the trace impurities, carbon dioxide and water vapour to enable biogas to be used for electricity generation, combined heat and power (CHP) generation, vehicle fuel (in CNG vehicles), or be injected into the natural gas pipeline network (Molloy 2008) . Although the use of biogas as a vehicle fuel is becoming increasingly common in Europe, there are currently no such schemes in New Zealand.
Fermentation to alcohols
Reductions in VS and BOD 5 of nearly 50% can be achieved from sugar rich wastewaters with alcohol fermentation technologies. For example, whey, a lactose sugar rich wastewater produced by the dairy industry can be readily fermented by yeast cultures to ethanol and a by-product of almost pure carbon dioxide gas. The ethanol is distilled from the spent liquor, which may be further treated anaerobically for biogas production. This combination of ethanol fermentation and anaerobic digestion of whey has been practiced in New Zealand by Fonterra at Tirau for over two decades. Sugarrich wastewaters can also be utilised by bacteria for biobutanol fermentation, a process that also yields: acetone, organic acids, hydrogen and carbon dioxide. Bio-butanol has better fuel characteristics (e.g. higher volumetric energy density) than bio-ethanol and was produced in large quantities in many western countries prior and during the Second World War (Gapes 2009 ). However, more research is needed before this process could be considered a reliable wastewater treatment technology. Energy yields from the predominant wastewater treatment technologies is summarised in Table 1. For the New Zealand example, the data from Thiele & Clarke (2007) , Heubeck & Craggs (2007) , and (Scion 2008) can be summarised as follows. The B67,000 tonne VS/y treated by large scale municipal wastewater treatment anaerobic digestion can yield B0.64 PJ/y as raw biogas. Since this raw biogas is almost exclusively used for on-site generation of heat and power, approximately 0.20 PJ/y (B53 million kWh/y) of electricity is generated. The waste heat is mostly used to maintain the digester temperature.
New Zealand dairy factory and meat works wastewaters contain nearly 0.28 PJ/y of primary energy, which when subject to anaerobic digestion in anaerobic ponds yields B0.14 PJ/y of biogas. The majority of biogas produced is currently either flared or released to the atmosphere. Only one agro-industrial wastewater treatment facility currently recovers biogas -this facility uses the B0.06 PJ/y of recovered biogas for heating. Most raw dairy factory and meat works wastewaters in New Zealand are initially treated in a dissolved air floatation (DAF) unit, which can remove up to 70% of the total VS contained in the wastewater stream in the form of a concentrated sludge (Thiele & Clarke 2007) . Almost all of this DAF sludge (B1.16 PJ/y) is either used as stock feed, composted or land filled. The majority of paunch grass (B0.19 PJ/y) recovered at meat works is currently composted or land filled. Both DAF sludge and paunch grass could be anaerobically digested to give a combined total primary energy potential of 1.34 PJ/y.
Little energy is currently recovered from small scale wastewater treatment operations treating agricultural wastewaters and manures (i.e. cow shed effluent and piggery wastewater) or smaller municipal wastewater volumes. These smaller scale systems mainly use conventional WSP or aerated ponds and/or land irrigation. A large proportion of the VS contained in these wastewater streams (4.40 PJ/y) is degraded aerobically often requiring energy for mechanical aeration and foregoing the opportunity to recover energy through biogas capture.
Whey and whey like wastewaters produced by New Zealand's large dairy processing industry deserve special attention due to the unique energy products that can be extracted from this resource. Most of the whey derived ethanol currently produced in New Zealand is used within the food, cosmetic and pharmaceutical industries, however limited volumes of this ethanol have been blended into petrol and retailed as E10 -a fuel with a bio-ethanol content of 10% (Thiele & Clarke 2007) . Thiele & Crosbie (2005) considered the bio-ethanol production from whey at three New Zealand dairy factories (Reporoa, Edgecumbe and Tirau). These sites produce roughly 0.35 PJ/y (B16 million litres/y) of bio-etha- nol from approximately B0.7 PJ/y of feedstock. Only one New Zealand facility uses the spent liquor energetically to yield up to 0.06 PJ/y of biogas. The spent liquor from other ethanol production facilities is treated aerobically and/or irrigated to land. It was estimated that a similar amount of whey was used for the extraction of specialist food and feed ingredients (i.e. sugars, protein) at other dairy processing sites. Less than one third of the ethanol output is currently used as vehicle fuel -the majority is sold to the beverage industry.
Based on this analysis, a sankey diagram of energy flows from New Zealand's wastewaters was generated (Figure 2 ).
FUTURE POTENTIAL ENERGY CONTRIBUTION OF THE WASTEWATER SECTOR
A wide range of wastewater treatment technologies are capable of recovering energy, whilst providing improved treatment. In this paper we considered only commercially available or near commercial wastewater treatment technologies, while acknowledging future technologies, such as microbial electrolytic cells or hydrogen fermentation. The technologies considered were: Anaerobic digestion to biogas (considered above) Fermentation to alcohols (considered above) Algal production and conversion to biogas Algal production and conversion to liquid bio-fuels
In reviewing these technologies, we considered technical feasibility, impact of scale, energy yield potential, as well as the potential co-benefits such as: reduction in odour, reduction in GHG emissions, and improved nutrient removal.
Algal production to biogas
Algal based wastewater treatment technologies provide energy efficient and low cost wastewater nutrient removal. Conventional facultative and aerobic WSPs fix wastewater nutrients into algal biomass with areal algal productivity typically between 1 and 5 g/m/d. By comparison production of algal biomass in High Rate Algal Ponds (HRAP) can achieve areal algal productivities of up to 20 g/m/d with CO 2 addition (Heubeck & Craggs 2007) . Moreover, HRAP algae are colonial, non-motile and therefore, much easier to harvest cost-effectively than WSP algae (Craggs et al. 2011) . The harvest of algae removes nutrients assimilated into algal biomass from the wastewater for beneficial reuse. This technology has particular relevance to the upgrade of small to medium sized community treatment plants that already use conventional WSP (Craggs et al. 1998; Craggs et al. 1999) . Because conventional WSP are not optimised for nutrient removal and discharge an effluent containing algal biomass into receiving waters, the trend towards tighter wastewater discharge standards, makes it increasingly hard for these plants to achieve compliance. Upgrading these conventional ponds to HRAP could provide improved wastewater treatment, produce algal biomass for biofuel conversion and enable recovery of nutrients. The anaerobic digestion facilities that are typically used upstream of HRAP to recover energy as biogas from wastewater solids, could also be used to digest the harvested algal biomass with minimal additional cost/ modification.
Algal production to liquid bio-fuels
Algal biomass consists of sugars, carbohydrates, lipids and fats, which may be converted into liquid fuels via a number of pathways.
1. The sugar and simple carbohydrate components can be fermented to alcohols as described above. 2. The fat and oil components that can be extracted from algal biomass are suitable for the manufacture of biodiesel (Sheehan et al. 1998) . 3. The total biomass can be converted into a bio-crude oil by thermo-chemical conversion.
Both the alcohol and biodiesel pathways have been (and are still) the subject of intense research efforts, particularly in the USA (Sheehan et al. 1998) , however neither pathway is presently used at commercial scale. Among several thermochemical conversion pathways for algal biomass, supercritical water conversion (SCWC) of algae to bio-crude is being investigated around the world. This process involves subjecting algal biomass and water to temperatures and pressures above the critical point of water (374 1C and 221 bar). Under these conditions the algal biomass is broken down into short polymers, which are de-oxygenated, hydrogenated and cracked to yield a mixture of mostly aliphatic short to medium chained hydrocarbons, similar to crude oil, and inorganic plant nutrients remain in the spent solids and water phases. Algal biomass is ideally suited to this process due to its low lignin content. The technology has been developed to pre-commercial scale in by Solray Limited in New Zealand (Heubeck & Craggs 2007) , and further research is underway to demonstrate this energy pathway for wastewater treatment plants.
The energy yields from the alternative wastewater treatment technologies are summarised in Table 2 .
For our New Zealand example, we considered the scenario that could result from the introduction of either a carbon tax and/or a physical shortage of natural gas and petroleum. The utilisation pathways were selected separately for each wastewater resource based on both technical and economic feasibility.
Large/medium scale wastewater systems
Our model showed that a large contribution to New Zealand's energy supply could be made by the dairy and meat processing industries. Virtually all of the DAF sludge and paunch grass that is currently composted or land filled could be used for anaerobic digestion in heated mixed digesters and/or covered anaerobic ponds. In addition, biogas that is currently flared or vented from anaerobic ponds could be captured and used either to produce combined heat and power, or combusted as boiler fuel.
Since dairy and meat processing sites often have large heat demands, the use as boiler fuel appears to be the most practical pathway for utilisation of biogas derived from DAF sludge and paunch grass. These resources have the potential to provide up to 0.67 PJ/y local heat, while smaller amounts of the biogas may be used for CHP applications.
There appears to be little potential to increase the energy contributions from large/medium scale municipal sewage treatment systems which currently use sludge digestion, however, a large number of large/medium scale municipal and industrial wastewater systems which currently use aerated or facultative ponds could employ covered anaerobic pond technology to recover biogas from B0.86 PJ/y of primary energy. For systems that will not meet future nutrient discharge criteria, the incorporation of algal technologies into the wastewater treatment process may be a viable option. Given the current state of technology, the wastewater grown algal biomass would most likely be used for production of additional biogas via anaerobic digestion. The biogas derived from covered anaerobic pond systems and algal biomass associated with industrial effluents would most easily be used for on-site CHP. Biogas purification and compression to gaseous vehicle fuel is a higher value and more energy efficient use option for many municipal wastewater treatment plants. It may be possible to derive up to 0.26 PJ/y (B6.7 million litres diesel equivalent) of gaseous vehicle fuel from covered anaerobic ponds and algal production facilities annually.
Small scale wastewater systems
While this sector does not currently contribute to New Zealand's energy supply, there is great potential to do so in the future. The treatment of dairy farm effluent and piggery wastewaters which currently, are mostly irrigated directly onto agricultural land, offer the greatest potential. By utilizing these wastewater resources for anaerobic digestion up to 2.07 PJ/y of biogas could be recovered. The biogas produced in these facilities was assumed to be used for CHP, providing 0.44 PJ/y (122 million kWh/y) electricity, and for upgrading to gaseous vehicle fuel (0.77 PJ/y which is approximately 19 million litres diesel equivalent per year).
Small scale biogas recovery systems, such as farm scale mesophilic digesters (Hulls 2008) and covered anaerobic ponds (Heubeck & Craggs 2010) have recently been demonstrated successfully at field scale in New Zealand. Such systems can easily be integrated into existing wastewater management systems or even retrofit existing infrastructure, and would therefore allow for a large proportion of this currently under-utilised potential to contribute to New Zealand's energy supply. Regional Council requirements to provide deferred effluent irrigation storage capacity, and reduce odour emissions, may spur a rapid adoption of covered anaerobic pond technology in the near future. The potential of future anaerobic wastewater treatment systems incorporating algal technologies would presently be restricted to municipal wastewater treatment plants which are required to have lower effluent nutrient concentrations. These facilities could potentially yield 0.14 PJ/y of biogas for vehicle fuel and 0.08 PJ/y (B22 million kWh/y) electricity from combined heat and power plants.
Sugar rich wastewaters
In an environment where fossil fuels are scarce or expensive to use, bio-ethanol produced from whey and whey like waste- waters could be a very economical vehicle fuel. The spent liquor would also be anaerobically digested to produce biogas maximising the total energy benefit from this resource. Our model therefore assumed that all whey would be fermented to bioethanol, and all spent liquor digested anaerobically to biogas. This would yield 0.7 PJ/y (approximately 32 million litres/y) of bio-ethanol and 0.35 PJ/y of raw biogas for on-site heating. Based on this analysis, a sankey diagram of energy flows associated with a future treatment scenario of New Zealand's wastewaters was generated (Figure 3) .
CONCLUSIONS
This paper demonstrates that it is possible to use a simple model of generic energy yield factors to characterise the energy resource potential of the wastewater sector of a country or region. Application of the model to the New Zealand wastewater sector determined current energy yield to be 0.66 PJ/y. For the wastewater that could realistically be treated in the future using energy recovering/producing technologies, the model identified the upper limit of technologically feasible energy resource potential from current wastewater flows to be: 0.91 PJ/y (B253 million kWh/y) electricity, 1.09 PJ/y local heat, 1.04 PJ/y (B27 million litres diesel equivalent) gaseous vehicle fuel (compressed bio-methane), 0.7 PJ/y (B32 million litres) liquid vehicle fuel (bio-ethanol).
This suggests that there is potential for a six-fold increase in the energy yield from the wastewater treatment sector. Building the infrastructure to capture these resources would take over a decade, and can only be accomplished if fossil fuel prices continue to increase, and initiatives to reduce our dependence on these fuels are supported by comprehensive and long-term government legislation and regulation (e.g. tax breaks, feed-in tariffs or a carbon pricing scheme). Creating and maintaining a work force with the skills to construct and operate wastewater energy utilisation technologies will also need to be addressed.
It is likely that other regulatory requirements, such as minimisation of odour, or tightening wastewater nutrient discharge standards, will spur implementation of technologies such as covered anaerobic ponds, mesophillic farm waste digesters and algal based wastewater treatment technologies, with the associated energy a co-benefit of odour control and improved wastewater treatment.
The study suggests that New Zealand has much to benefit from a better understanding of available wastewater resources and treatment options -be that in the form of energy self-reliance, improved environmental performance or economic return.
